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Introduction {#sec1-1}
============

Facial nerves are the seventh pair of cranial nerves, and regulate the muscles that control facial expression. Facial nerve injuries can be caused by trauma (Ghiasi and Banaei, 2016), surgery (Linder et al., 2017), inflammation (Basavaraj et al., 2014), or tumors (Gaudin et al., 2016), and can result in facial paralysis and dysphagia. The incidence of facial nerve injuries ranges from 20 to 30 cases per 100,000 people (Gaudin et al., 2016). Therapeutic approaches to facial nerve injuries include direct end-to-end coaptation (Siemionow et al., 2010), nerve grafts, artificial nerve conduits (Jiang et al., 2010), combinational administration of nerve conduits with nerve regeneration factors such as stem cells (Euler de Souza Lucena et al., 2014; Mohammadi et al., 2014; Ma et al., 2017) and neurotrophic factors (Ma et al., 2017), and low frequency electrical stimulation (Gaudin et al., 2016). As peripheral nerves, facial nerves more readily regenerate than central nerves; however, there are still many cases of facial nerve paralysis that do not fully recover due to the replacement of the enervated muscle tissues by adipose tissue and glial tissue (Choi and Dunn, 2001). Thus, more efforts to search for new approaches for achieving optimal recovery of facial nerve injuries are needed.

Olfactory ensheathing cells (OECs), also known as olfactory ensheathing glial cells or olfactory ensheathing glia, are the glial cells of the olfactory nervous system. OECs are unique glial cell types that migrate from the peripheral nervous system into the central nervous system; this characteristic distinguishes OECs from typical glial cells (Grosu-Bularda et al., 2015; Jiang et al., 2017). OECs can guide axonal outgrowth, enhance axon extension, and stimulate growth cone activity. *In vitro* studies have shown that OECs stimulate axonal regeneration and sprouting, increase remyelination, offer neuroprotection, enhance neovascularization, and replace lost cells (Wang et al., 2010; Radtke and Kocsis, 2014). The ability of OECs to create a favorable microenvironment (Radtke and Kocsis, 2012) and establish glial pathways (Raisman and Li, 2007; Zheng et al., 2013) for neurogenesis justifies their use in cellular transplantations for injuries of the central (Deumens et al., 2006; Zheng et al., 2013) and peripheral nervous systems, to achieve nerve recovery and increase axonal regrowth (Raisman and Li, 2007; Grosu-Bularda et al., 2015). Various nerve scaffolds and materials, including nanoparticles and poly(lactic-co-glycolic acid) conduit, have been used in combination with OECs for the repair of peripheral nerve defects, and have revealed promising results for repairing defects in facial and sciatic nerves (Tan et al., 2013; Radtke and Kocsis, 2014). These studies indicate that OECs have the potential to be used as stem cells for treatment of facial nerve damage.

OECs prepared from the olfactory bulb and the olfactory mucosa have been used to treat facial nerve transection injuries in rats (Guntinas-Lichius et al., 2001; Guntinas-Lichius et al., 2002); a resulting increase in axonal sprouting and pathfinding (Guntinas-Lichius et al., 2001), better recovery of vibrissae motor performance (Guntinas-Lichius et al., 2002), and an increased blinking rate of eyes (Ramer et al., 2004; Angelov et al., 2005) have been reported. However, the effects of transplantation of OECs on injured facial nerves still need further investigation. In this study, a 6-mm defect was surgically introduced into the upper buccal branch of the facial nerve in rats, and the therapeutic effects of transplantation of OECs on neural regeneration and functional recovery of the defected facial nerves were assessed.

Materials and Methods {#sec1-2}
=====================

Isolation, culture and characterization of OECs {#sec2-1}
-----------------------------------------------

All experimental procedures with the animals complied with the animal ethics regulations and were approved by the Animal Ethics Committee of the Second Military Medical University, China. OECs were isolated according to the method of Dombrowski et al. (2006) with some modifications. Four newborn Sprague-Dawley rats supplied by the Experimental Animal Center of The Second Military Medical University of China (license No. SCXK (Hu) 2017-0002) were sacrificed using CO~2~. After removal of the frontal nasal bones through a sterile operation, the olfactory bulbs were separated from the surrounding tissues. After 1/3 of the olfactory bulbs at the tail ends had been cut off, the remaining 2/3 of the olfactory bulbs were put into D-Hanks solution in an ice bath. Under an anatomical microscope (Olympus, Tokyo, Japan), the capillaries and soft brain membrane were dissected from the olfactory bulb. After the white matter and the inner layer of the gray matter had been discarded, the olfactory nerve layer and the olfactory bulb granular layer were washed three times with D-Hanks solution, cut into pieces, and digested in 0.25% trypsin + 0.02% ethylenediaminetetraacetic acid at 37°C for 20 minutes. After the digestion was terminated by adding Dulbecco's modified Eagle's medium (DMEM)/F12 fetal calf serum medium (Gibco, Grand Island, New York, NY, USA), the cells were suspended through blowing several times with a Pasteur pipette sterilized in flames, and the cell masses were removed through filtration with a 200 nest. After centrifugation at 1000 r/min for 8 minutes, the supernatant was discarded; DMEM/F12-20% fetal calf serum medium was added to suspend the cells. After the cells were seeded into a T25 flask without gel coating for 36 hours, they were transferred to a second T25 bottle without gel coating. Thirty-six hours later, the suspended cells were seeded into poly-L-lysine (0.1 mg/mL) coated bottles, dishes, plates, or slides. The OECs culture media consisted of DMEM/Ham's F-12, 15% fetal calf serum, 2 µM of forskolin, and 10 ng/mL of basic fibroblast growth factor. The media were replaced once every two days, and the cells were occasionally observed under a light microscope (Olympus).

After 10--14 days, a bottle of OECs adhesive to the well was randomly selected and digested with 0.25% trypsin for characterization. The cells were fixed in 4% paraformaldehyde for 10 minutes, characterized with immunofluorescence using mouse IgG against glial fibrillary acidic protein (GFAP) (Chemicon, Tokyo, Japan) as a primary antibody and FITC-labeled donkey IgG (Jackson ImmunoResearch Laboratories, Inc., Baltimore, MD, USA) as a secondary antibody for GFAP (**[Figure 1A](#F1){ref-type="fig"}**), rabbit IgG against S-100 (Boster Biological Technology, Pleasanton, CA, USA) as a primary antibody and TRITC-labeled donkey IgG (Jackson ImmunoResearch Laboratories, Inc.) as a secondary antibody for S-100 protein (**[Figure 1C](#F1){ref-type="fig"}**), and stained with Hoechst 33342 (Sigma, Shanghai, China) (Figure **[1B](#F1){ref-type="fig"}** and **[D](#F1){ref-type="fig"}**) to visualize nuclei. The Hoechst 33342-stained nuclei were blue, circular or oval, and varied in size (Figure **[1B](#F1){ref-type="fig"}** and **[D](#F1){ref-type="fig"}**). GFAP-positive cells showed intact nuclei, faint green cytoplasm, and cytoplasm membrane (**[Figure 1A](#F1){ref-type="fig"}**). S-100-positive cells showed intact nuclei, pink-yellow cytoplasm, and cytoplasm membrane (**[Figure 1C](#F1){ref-type="fig"}**). The nuclei, S-100-positive cells, and GFAP-positive cells were counted in five high magnificent fields (200×) for each image using a ZEISS confocal laser scanning microscope (Leica, Wetzlar, Germany). The percentage of S-100- or GFAP-positive cells was calculated by dividing the number of the positive cells with the number of Hoechst-positive nuclei in the same section and multiplying by 100%. The mean values of the percentages of S-100- and GFAP-positive cells were used as the concentration of OECs, which was 70%. Trypan blue exclusion was used to detect viability of OECs. The viability of OECs was more than 90%.

![Characterization of the isolated OECs (immunofluorescence staining).\
(A) OECs stained with GFAP (green); (B) OEC nuclei stained with Hoechst 33342 (blue) in the same section as A; (C) OECs stained with S-100 (red); (D) OEC nuclei stained with Hoechst 33342 in the same section as C. Scale bars: 10 µm. OECs: Olfactory ensheathing cells; GFAP: glial fibrillary acidic protein.](NRR-14-124-g002){#F1}

Preparation of the neural conduit {#sec2-2}
---------------------------------

A silicone tube (Jinan Medical Silicon Rubber Product Ltd., Jinan, China) of 2.0 mm inner diameter and 2.1 mm outer diameter was cut into pieces of 10 mm in length, and washed and sterilized in ethylene oxide. Under sterile conditions, a collagen sponge was cut into cylinders of 6 mm in length and 2 mm in diameter, and inserted into the pieces of silicon tube.

Animal treatment {#sec2-3}
----------------

We used 32 eight-week-old healthy male and female Sprague-Dawley rats (the Experimental Animal Center of The Second Military Medical University of China) with body weights of 200--300 g. Mice received a surgically-induced 6-mm defect on the right side of the facial nerve trunk and were then randomly divided into two groups (*n* = 16 each). OEC-treated rats were implanted with a piece of neural tube containing OECs. Rats in the injury group were implanted with a piece of neural tube containing saline.

Rats were anesthetized abdominally with phenobarbital sodium. The right cheek was shaved, sterilized, and draped. A 1-cm incision was made 1 cm below the eyelid on the right cheek to expose the buccal branch of the facial nerve. A 6-mm defect was made by dissecting a 4-mm piece from the middle of the upper buccal branch of the facial nerve and retracting the broken nerves. Under an anatomical microscope (Olympus), 1.5 mm of the two ends of the broken facial nerve were inserted into a piece of neural tube and sutured to the silicon tube with 3 stiches of 9/0 absorbable thread at each end. For the rats treated with OECs, 0.1 mL of OECs suspension containing 1 × 10^5^ cells was injected into the neural conduits, whereas 0.1 mL saline was injected into the neural conduits of the injury rats. The incision was sutured with 3/0 threads and sterilized with a 75% alcohol swab. After surgery, all rats were intramuscularly injected with 200,000.00 units of penicillin daily for 3 days. The rats were raised with standard food and drink for 12 weeks in the Experimental Animal Center of the Second Military Medical University.

Facial paralysis test {#sec2-4}
---------------------

At 12 weeks after surgery, facial paralysis was evaluated with the sum of scores assigned to both blinking reflexes and vibrissa movement. For blinking reflexes, 2 mL of air was blown 3 cm away from the eye of the rats with an 18-gauge needle on a 5-mL syringe, and the blink speed and amplitude of the two eyes were compared. A score of 0 was assigned if the two eyes moved normally and symmetrically; a score of 1 was assigned if the movement of the right eye was delayed or weaker; and a score of 2 was assigned if no movement of the right eye was observed. For vibrissa movement, the swirling amplitudes of vibrissa on the two sides were compared; a score of 0 was assigned if the two vibrissae swirled normally and symmetrically, a score of 1 was assigned if the right vibrissa movement was weaker than the left, and a score of 2 was assigned if no right vibrissa movement was observed. The rats were identified as having no facial paralysis if the sum of both the blinking reflex score and vibrissa movement score was 0 or 1, partial facial paralysis if the sum was 2 or 3, and complete facial paralysis if the sum was 4 (Lal et al., 2008).

Nerve electrography {#sec2-5}
-------------------

At 12 weeks after surgery, all rats were stimulated at the distal ends of the facial nerve defects with an electrical pulse of 20 mV, 1 Hz for 100--200 ms using a SEN-3201 electrical stimulator (Nihon Kohen, Tokyo, Japan). With a silver electrode in the trunks close to proximal ends of the nerve defects, the induced action potentials were detected, amplified with a preamplifier (5000 times, filtration 1000, and time factor 0.25 ms), stacked 64 times with an average. The latency and amplitude of the induced nerve action potentials in the facial nerves were recorded.

Morphological observation {#sec2-6}
-------------------------

At 12 weeks after surgery, the buccal branch of facial nerve was exposed by making an incision at the same site as that made during the original surgery. A morphological observation was made for inflammatory responses around the neural tube, adhesion of the tube to the surrounding tissues, out filtration, breaks on the wall of the tubes, breaks in the nerves, and the abnormality, color, diameter, and length of the regenerated nerves. These were measured using visual inspection and an anatomical microscope.

Fluorogold retrograde tracing {#sec2-7}
-----------------------------

At 12 weeks after surgery, 6 rats from each group were randomly selected for a fluorogold retrograde tracing study of the regenerated nerves. After the rats were anesthetized abdominally with phenobarbital sodium, the facial nerves on the surgical sides were sectioned at the site 0.5 cm distal to fusion region of the ends of defected nerves, and the facial nerves on the healthy side were sectioned at the corresponding site. With a piece of photoplate under the section site, fluorogold particles (Fluorochrome, Englewood, CO, USA) were attached to a needle and transferred to the proximal end of the sectioned nerve. The proximal end was further inserted into a silicon tube containing 4% fluorogold. The two ends of the silicon tube were sealed with Vaseline to prevent fluorogold from leaking and being absorbed by other small nerves, and then the incision was sutured. After 72 hours, rats were first infused with saline through a catheter inserted into heart through aorta to wash out the blood, and then with 4% paraformaldehyde and 0.05% glutaraldehyde in 0.1 M phosphate buffered saline (PBS) (pH 7.4, 4°C) for 2--3 hours until the eluate became colorless. The brain stem was taken out and fixed in 4% paraformaldehyde at 4°C for 4--6 hours, and then transferred to 5% sucrose in PBS (pH 7.4) at 4°C for two days until the tissues settled to the bottom. Serial cry-sections of 35 µm were made, laid onto poly-lysine coated slides, dehydrated, cleared, and mounted in neutral resins. The slides were observed with a bright field microscope (Olympus) and the images were captured and analyzed using image analysis software (Shanghai Bio-Tech Co., Ltd., Shanghai, China). Ten slides from each rat were randomly selected, and five fields under a microscope with a magnification of 400 for each slide were counted for fluorogold-positive cells. The number of the positive cells for each slide was represented by the average of the numbers of the positive cells in the five fields. The number of fluorogold-positive cells for each rat was represented by the average of the number of the positive cells of the 10 slides.

Histological study {#sec2-8}
------------------

At 12 weeks after surgery, after the electrophysiological tests, 10 rats from each group were sacrificed using CO~2~. A 1-mm piece from the proximal end and a 1-mm piece from the distal end of the regenerated nerve were taken from each rat. The proximal pieces were fixed in 2.5% neutral glutaraldehyde for 24 hours and then 1% osmium tetroxide for 80 minutes, embedded in epoxy, and cut into semithin sections of 1 µm and ultrathin sections of 50 nm. The distal pieces were fixed in 4% neutral paraformaldehyde, embedded in paraffin, and cut into 4 µm cross-sections of the regenerated nerves and longitudinal sections across the fusion of the regenerated nerves with the distal ends of the nerve defects. The paraffin cross-sections and the paraffin longitudinal sections were stained with hematoxylin and eosin (Carriel et al., 2011). The semithin sections were stained with ammonium methylbenzene blue (Raimondo et al., 2009). The ultrathin sections were stained with lead uranyl acetate (Hirano, 2005). The images of the toluidine blue-stained semithin sections and the electronic microscopic (Leica, Germany) images of the lead uranyl acetate-stained ultrathin sections were analyzed using image analysis software (Shanghai Bio-Tech Co., Ltd.) for the number, diameter, and thickness of the myelin sheath of myelinated nerve fibers in the regenerated nerves. For each parameter tested, 10 slides were randomly selected for each rat, and five images were quantified. The average of the values from the five fields was calculated for each slide, and the final value for each rat was represented by the average of the 10 slides.

Statistical analysis {#sec2-9}
--------------------

Data are expressed as the mean ± SEM. Statistical analysis was performed using SAS.V9 software (SAS Institute, Cary, NC, USA). Between-group differences were analyzed using Student's *t*-tests. *P* \< 0.05 was considered as statistically significant.

Results {#sec1-3}
=======

Effect of OECs on facial paralysis scores of facial nerve defected rats {#sec2-10}
-----------------------------------------------------------------------

At 12 weeks after surgery, the facial paralysis scores were significantly lower in the OECs group compared with the injury group (35.0%, *P* \< 0.01, *n* = 16; **[Figure 2](#F2){ref-type="fig"}**).

![Effect of OECs on facial paralysis scores of facial nerve defected rats detected by the facial paralysis test.\
Higher scores indicate a more severe facial nerve paralysis. Data are expressed as the mean ± SD (*n* = 16; Student's *t*-test). \*\**P* \< 0.01, *vs*. injury group. OECs: Olfactory ensheathing cells.](NRR-14-124-g003){#F2}

Effect of OECs on the nerve muscle action potential of facial nerve defected rats {#sec2-11}
---------------------------------------------------------------------------------

At 12 weeks after surgery, the regenerated facial nerves were stimulated with a current of threshold, and the action potentials were recorded (**Figure [3A](#F3){ref-type="fig"}** and **[B](#F3){ref-type="fig"}**). The latency of the induced nerve muscle action potential was significantly shorter in the OECs group than in the injury group (*n* = 16, *P* \< 0.01; **[Figure 3C](#F3){ref-type="fig"}**). The amplitude of the induced nerve muscle action potential was significantly larger in the OECs group than in the injury group (*P* \< 0.01; **[Figure 3D](#F3){ref-type="fig"}**).

![Effect of OECs on nerve electrography of facial nerve defected rats detected by nerve electrography.\
(A) NMAP in the OECs group; (B) NMAP in the injury group; (C) NMAP latency in the OEC-treated rats and untreated rats; (D) NMAP amplitude in the OEC-treated rats and untreated rats. Data are expressed as the mean ± SD (*n* = 16; Student's *t*-test). \*\**P* \< 0.01, *vs*. injury group. OECs: Olfactory ensheathing cells; NMAP: nerve muscle action potential.](NRR-14-124-g004){#F3}

Effect of OECs on the morphology of the regenerated nerves of facial nerve defected rats {#sec2-12}
----------------------------------------------------------------------------------------

At 12 weeks after surgery, all 32 rats survived. After anesthesia, the facial nerves of the rats were surgically exposed with incisions at the same sites as the original surgery. It was found that the neural silicone tubes were wrapped by connective tissue without local purulent exudate. After the connective tissue outside the tubes had been removed, it was found that the proximal nerves extended out of the defect, connected well with the distal ends and formed regenerated nerves in the semitransparent silicone tubes. The regenerated nerves were easily separable from the silicone tubes without adhesion to the tube walls. There was no purulent exudate inside the tubes. There were no differences between the OEC-treated rats and the injury rats with regard to the morphology of the nerves. The diameters of the regenerated nerves were similar to those of the nerve trunks both proximal and distal to the defects, without local swelling, atrophy or tumor formation. The regenerated nerves looked gray white with blood vessels around epineurium.

Effect of OECs on the number of neurons in the anterior exterior lateral facial nerve motor nucleus of facial nerve defected rats {#sec2-13}
---------------------------------------------------------------------------------------------------------------------------------

At 12 weeks after surgery, cells in the anterior exterior lateral facial nerve motor nucleus region external to the anterior of the pons were fluorogold labeled. The labeled cells looked multi-angular or irregular, with a gold-yellow color unevenly distributed in the cytoplasm of the cell bodies and projections (**Figure [4A](#F4){ref-type="fig"}** and **[B](#F4){ref-type="fig"}**). The number of fluorogold-labeled cells with intact shape and obvious projections on the surgical side was significantly higher in OECs group than in the injury group (*n* = 6, *P* \< 0.01; **[Figure 4C](#F4){ref-type="fig"}**).

![Effect of OECs on the number of neurons in the anterior exterior lateral facial nerve motor nucleus of facial nerve defected rats detected by fluorogold labeling.\
(A, B) Fluorogold-labeled cells (arrows) in the facial nerve nucleus of the OECs group (A) and injury group (B) (×200). Scale bars: 10 µm. (C) Number of myelinated nerve fibers in the facial nerve nuclei in the OEC-treated rats and untreated rats. Arrows indicate fluorogold-positive cells. Data are expressed as the mean ± SD (*n* = 16; Student's *t*-test). \*\**P* \< 0.01, *vs*. injury group. OECs: Olfactory ensheathing cells.](NRR-14-124-g005){#F4}

Effect of OECs on the histological structures of the regenerated nerves of facial nerve defected rats {#sec2-14}
-----------------------------------------------------------------------------------------------------

### Hematoxylin-eosin staining {#sec3-1}

In the longitudinal section, many regenerated nerve fibers were tightly organized alongside and passed the fusion region to the distal end of the nerve in the OEC-treated rats. In the longitudinal section of the facial nerve of the injury rats, fewer nerve fibers were obviously twisted and there was comparatively more scar tissue 12 weeks after surgery (**[Figure 5](#F5){ref-type="fig"}**).

![Effect of OECs on the structures of the regenerated nerves of facial nerve defected rats detected by hematoxylin-eosin staining.\
(A) OECs group: The arrow points to the intact nerve fiber containing many newly generated axons and nuclei. (B) Injury group: Fewer axons and nuclei in the nerve fibers can be seen; the arrow points to scars extending into the nerve fibers and some vacuoles. Original magnification: 100×. Scale bars: 25 µm. OECs: Olfactory ensheathing cells.](NRR-14-124-g006){#F5}

Ammonium methylbenzene blue staining {#sec2-15}
------------------------------------

At 12 weeks after surgery in ammonium methylbenzene blue-stained cross sections of the regenerated nerves, more regenerated nerve fibers were thickly myelinated and organized into bundles with little inter-bundle connective tissue in the OEC-treated rats. In the injury rats, there were fewer regenerated nerve fibers organized into bundles, and more inter-bundle connective tissue was observed compared with OEC-treated rats (**Figure [6A](#F6){ref-type="fig"}** and **[B](#F6){ref-type="fig"}**). Quantitative analysis showed that the number of myelinated nerve fibers was significantly higher in OEC-treated rats than in injury rats (*n* = 10, *P* \< 0.01; **[Figure 6C](#F6){ref-type="fig"}**).

![Effect of OECs on the structures of the regenerated nerves of facial nerve defected rats detected by ammonium methylbenzene blue staining.\
(A, B) Regenerated nerves of the facial nerve in the OECs (A) and injury (B) groups. OECs obviously improved the morphological structure and increased the number of the regenerated nerve fibers. Each arrow indicates a nerve fiber. Scale bars: 40 µm. (C) Number of myelinated nerve fibers. Data are expressed as the mean ± SD (*n* = 16; Student's *t*-test). \*\**P* \< 0.01, *vs*. injury group. OECs: Olfactory ensheathing cells.](NRR-14-124-g007){#F6}

Double oxygen acetic uranium and citrate lead staining {#sec2-16}
------------------------------------------------------

At 12 weeks after surgery, the ultra-sections of the regenerated nerves were stained with double oxygen acetic uranium and citrate lead. Electron microscopy showed that in the OEC-treated rats, the regenerated nerve fibers were mainly myelinated and regular in shape, the myelin sheath was clearly composed of intermittently stacked bright layers and dark layers, and there were plenty of organelles in the cytosol of the nerve fibers (**[Figure 7A](#F7){ref-type="fig"}**). In the injury rats, the regenerated nerve fibers were poorly myelinated and irregular, contained few organelles in the cytosol of the axons, and some degenerated nerve fibers were still visible (**[Figure 7B](#F7){ref-type="fig"}**). Quantitative analysis showed that the diameters of the nerve fibers were significantly larger in OEC-treated rats than in the injury rats (*P* \< 0.01; **[Figure 7C](#F7){ref-type="fig"}**). The myelin sheath of nerve fibers was significantly thicker in the OEC-treated rats than in the untreated rats (*P* \< 0.01; **[Figure 7D](#F7){ref-type="fig"}**).

![Effect of OECs on the structures of the regenerated nerves of facial nerve defected rats detected by double oxygen acetic uranium and citrate lead staining.\
The facial nerve fibers of the regenerated facial nerves had larger diameters and thicker myelin sheaths in the OECs group (A) compared with the injury group (B). Scale bars: 1 µm. (C) Diameters of the facial nerve fibers. (D) Myelin sheath thickness of the facial nerve fibers. Data are expressed as the mean ± SD (*n* = 16; Student's *t*-test). \*\**P* \< 0.01, *vs*. injury group. OECs: Olfactory ensheathing cells.](NRR-14-124-g008){#F7}

Discussion {#sec1-4}
==========

In this study, we implanted OECs into the defects in the facial nerve trunks of rats to investigate the effects of OECs on the repair of facial nerve damage. OEC treatment increased the thickness of myelin sheath, the diameter and the number of myelinated facial nerve fibers, and the number of intact neurons in the anterior exterior lateral facial nerve motor nucleus. OECs also improved the organization of nerve fibers and the nerve pulse conductivity of the regenerated nerves, increased the amplitude of the induced action potentials, and relieved facial paralysis. Overall, OECs promoted the nerve regeneration and functional recovery in facial nerve defected rats.

The implanted OEC-mediated increase in the number of nerve fibers in the regenerated nerves is in agreement with observation that OECs enhance axonal sprouting in facial nerve injured rats (Guntinas-Lichius et al., 2001). The finding is also consistent with observation that OECs increase the numbers of regenerated myelinated fibers in vague nerve defected rats (Paviot et al., 2011). The increase in myelin sheath thickness in OEC-treated rats supports findings that transplantation of OECs promoted myelination of the regenerated nerve fibers (Angelov et al., 2005). Since no cell tracking test was performed in this study, it was not possible to assess whether the implanted OEC-mediated increase in myelination was due to the potential of OECs to form the myelin sheath themselves (Angelov et al., 2005; Radtke et al., 2011) or the OEC-mediated increase in the capacity of the host Schwann cells to myelinate the nerve fibers (Boyd et al., 2005). The increase in nerve fiber diameter and the number of organelles in the cytosol of the nerve fibers suggests that implanted OECs may improve the subcellular structures of the regenerated axons and their functions to transport neurotransmitters. The improvement in the organization of nerve fibers into bundles indicates that OECs may create a three-dimensional matrix that provides a permissive microenvironment for axons to directionally extend (Guntinas-Lichius et al., 2002; Boyd et al., 2005). For the first time, we found an OEC-mediated increase in the number of cells in the anterior exterior lateral facial nerve motor nucleus, which suggests that OECs may migrate into the brainstem and differentiate into the neurons in the nucleus (Sandvig et al., 2012; Radtke and Kocsis, 2014). It might also be due to an OEC-mediated increase in proliferation and decrease in apoptosis of the host neurons in the nucleus. A cell tracking test would be required to differentiate between the two mechanisms. Altogether, these results demonstrate that OECs promote the physical regeneration of the defected facial nerves in rats.

In the present study, OECs also decreased the latency and increased the amplitude of the induced action potentials in the regenerated facial nerves. These results indicate that the increase in myelin sheath thickness, nerve fiber diameter, the number of organelles in the cytosol of the nerve fibers, and the number of well-organized nerve fiber bundles in the regenerated facial nerves improved action potential generation and nerve pulse conductivity, which is consistent with previous studies (Schröder, 1972; Ikeda and Oka, 2012; Arancibia-Carcamo et al., 2017). OEC treatment also relieved facial paralysis, which is in agreement with previous findings that OECs promoted recovery of vibrissae motor performance (Guntinas-Lichius et al., 2002) and increased the rate of eye closure (Ramer et al., 2004; Angelov et al., 2005) in facial nerve injured rats. Thus, these results demonstrate that OECs improved the physiological function of the regenerated facial nerves in rats.

This study is limited by the lack of a sham group. This made it difficult to determine whether the surgical procedures other than dissecting facial nerves influenced the morphology and function of facial nerves. It was also impossible to assess if the OEC implantation repaired the damaged facial nerves to a morphological and functional state comparable to that of facial nerves in sham group rats.

Though it is not known if the damaged facial nerves have been fully repaired or not by implantation of OECs, our comparative study between the facial nerve damaged rats treated with OECs and the facial nerve damaged rats without OEC treatment is sufficient to uncover the therapeutic effects of OECs on damaged facial nerves in rats. To our knowledge, this is the first study to demonstrate that OECs promote the physical regeneration and the physiological function recovery of the defected facial nerves in rats. This finding suggests that OEC implantation has the potential to be clinically applied for the treatment of facial nerve injuries in humans. Studies to achieve nerve generation and functional recovery in bigger animals, such as dogs with facial nerve defects, by implantation of OECs are warranted before implantation of OECs can be clinically tested for treatment of human facial nerve injuries.

In conclusion, OECs promote the physical regeneration and improve the physiological function of regenerated facial nerves in rats. Implantation of OECs has the potential clinical application for the treatment of facial nerve injuries in humans.
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